Multifrequency pulsed electron paramagnetic resonance (EPR) spectroscopy using S-, X-, Q-and W-Band frequencies (3.6, 9.7, 34, and 94 GHz, respectively) was employed to study paramagnetic coordination defects in undoped hydrogenated amorphous silicon (a-Si:H). The improved spectral resolution at high magnetic field reveals a rhombic splitting of the g-tensor with the following principal values: g x = 2.0079, g y = 2.0061 and g z = 2.0034 and shows pronounced g-strain, i.e., the principal values are widely distributed. The multifrequency approach furthermore yields precise 29 Si hyperfine data. Density functional theory (DFT) calculations on 26 computer-generated aSi:H dangling-bond models yielded g-values close to the experimental data but deviating hyperfine interaction values. We show that paramagnetic coordination defects in a-Si:H are more delocalized than computer-generated dangling-bond defects and discuss models to explain this discrepancy. 
I. INTRODUCTION the defect centers.

50
A detailed analysis of the EPR spectrum of coordination defects was first carried out by 51 Stutzmann et al. at a microwave frequency of 9 GHz (X-Band)
1 . They determined the g-52 tensor of the unpaired electron spin to be axially symmetric with principal values similar to 53 the P b center occurring at the Si/SiO 2 interface 10,11 . In a subsequent study, Umeda et al.
12
54 revised the g-tensor values by studying the EPR spectrum at different resonance frequencies
55
(S-, X-and Q-band) with increased spectral resolution (see Table I ). However, in both stud-
56
ies the g-tensor was already assumed as axially symmetric in the fitting models and never 57 systematically tested against rhombic symmetry. In addition to the g-tensor, Stutzmann et and a Bruker EN600-1021H, respectively. At Q-band a home-built probe head was used.
129
Temperature control was realized with CF935 helium bath cryostats and ITC503 tempera- by heating and gradually annealing of c-Si:H models followed by structural relaxation 22 .
149
DBs were generated in these models by removing one of the hydrogen atoms, followed by 150 structural relaxation. 
151
III. RESULTS AND DISCUSSION
A. Analysis of multifrequency EPR spectra
164
The S-and X-band spectra (see Fig. 1 The EPR spectrum may be described by the following spin Hamiltonian (H) of a single 190 electron spin (S = 1/2) coupled to n surrounding nuclei (indexed by j) 27 :
where µ B is the Bohr magneton and µ N the nuclear magneton. A iso , which is proportional to the spin density at the nucleus (Fermi-contact interaction). In 199 case of axial symmetry, the anisotropic part can be expressed as
The g-tensor, g, and the hyperfine tensor, A, are 3x3 matrices with the principal values 
where the first term describes the resolved HFI, for which the EPR resonance positions are HFIs is described by an empirical broadening function. This is a very convenient procedure, 
234
As in earlier studies we use a fitting model, where only one 29 Si nuclear spin is treated g-and A-strain).
247
C. Multifrequency fitting algorithm 248
To extract the A-and g-values we applied the following step-wise fitting routine. In a 249 first step, the Q-and W-band spectra were fitted simultaneously by adjusting the distribu- 
D. Multifrequency fit results
276
The fit results for a rhombic g-tensor are shown as solid lines in Fig. 1 a-d . In ear-277 lier publications it was explicitly assumed that the g-tensor is axially symmetric, i.e.
278 g x = g y = g ⊥ and g z = g . In order to test this hypothesis, we performed two separate mul-279 tifrequency fits. In a first fit the symmetry of the g-tensor is forced to axial symmetry and 280 in a second fit (see Fig. 1 HFIs. These values are slightly smaller than the previously reported ones (see Table I ). The Table I ). A complete overview 298 of the various fit parameter sets including literature values is given in Table I .
299
E. DFT calculations of DB g-and A-tensors
300
The above analysis of the experimental spectra provided g-and DB1 but differ significantly in case of DB2 (see Fig. 2a,b) .
331
F. Comparison of experimental and theoretical results
332
We have observed that the two computer-generated defect structures analyzed above number of DB models and their electronic structure to cover the whole spread of g-and
339
A-value distributions. We therefore extend our analysis to a larger set of defect models, of the spin-density distribution of individual DB defects shows that the majority of defects 345 exhibits a spin-density distribution which is bound to a single, undercoordinated, Si atom.
346
In the following we will compare the g-and A-tensors obtained from DFT with the respective 347 parameters extracted from multifrequency EPR data.
348
g-tensor
349
In Fig. 3 spread of the experimental distributions (see Fig. 3 and Table I ).
360
By inspecting distributions of g x , g y and g z separately, we see that they peak at different g y actually belong to the same distribution as it would be the case for an axially symmetric 366 g-tensor. In that case the distribution would be much wider, but still most of the g-tensors
367
would exhibit a slight rhombic symmetry. It is therefore necessary to determine the g-tensor
368
rhombicity of each DB model separately by calculating (g x − g y )/(g x − g z ). By doing so 369 we found that each individual g-tensor is clearly rhombic and the distribution peaks at 0.5 370 which fits well to the experimentally obtained symmetry.
371
It appears to be surprising that g-tensors of DB defects with a very symmetric spin-density 372 distribution (see Fig. 2a 
Here, L denotes the angular momentum operator and λ the spin-orbit coupling constant.
380
Even in case of a DB orbital, which is completely localized at the threefold-coordinated Si will not be degenerate. In a most disordered environment like a-Si:H one expects that the 390 degeneracy is lifted due to fluctuations of the bond-angles and bond-length. As a result a 391 rhombic g-tensor instead of an axially symmetric one arises. This analysis is also valid for 392 the more realistic case of ψ p,n being molecular orbitals.
393
We have seen that there is a quantitatively good agreement of the calculated g-tensors of 394 DB models and the experimentally determined g-tensor of coordination defects in a-Si:H.
395
However, we have shown that the g-tensor principal values are rather insensitive to the spin- HFIs of 29 Si atoms in the first and second coordination shell.
428
We have seen that some of our defect models exhibit a significant spin delocalization. Yet, (see Fig. 4b ).
434
We have seen that the mean principal values of A L deviate between theory and experiment.
435
Decomposing A L into an isotropic and anisotropic part clearly shows that this discrepancy 436 arises from the isotropic part (A iso ) while the anisotropic HFI (A dip ) in both cases equals 437 about 35 to 40 MHz (see Table I ). The most puzzling fact comparing computed and exper- an inspection of the computer-generated spin density maps. We find that the lower value of
446
A iso in a-Si:H as compared to P b centers is primarily caused by a delocalization of the DB spin 447 density. In contrast to previous assumptions, we did not find any evidence for a relaxation densities than random DBs considered in this work, the largest isotropic HFI will be smaller.
459
A more delocalized defect structure is therefore one possibility to explain the discrepancy 460 between experiment and model calculations.
461
In view of these results, it is evident that the structural models employed for the theoretical 462 analysis miss an important aspect of the experimentally observed defect ensemble. An 463 obvious weakness of the theoretical modeling is that the DBs were created at random points 464 in the amorphous network and were subject only to local relaxation. accuracy (see Table I ). In contrast to earlier studies a ∆B value given in mT converted to ∆g (dimensionless) using ∆g = g 2 e µ B /h · (∆B/ν) b Hyperfine interactions given in mT converted to MHz using ν HFI = g e µ B B/h c Multifrequency fit without prior assumptions about the symmetry of g d Multifrequency fit assuming axial symmetry of g e g-strain and magnetic-field independent broadening are entangled in the analysis of Ref.
12 and could not be separated. f DFT calculation of DB defect center in a relaxed a-Si 64 H 7 supercell g The broadening function of the DFT data cannot be expressed in closed analytic form. 
